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The earliest glazed ware in al-Andalus is dated to the Emiral period (c. AD 850-875) and is not 
until the Caliphate of Córdoba (AD 929-1031) that a distinctive polychrome tin glaze started 
being produced. A short transition period (c. AD 875-925) in which elaborate monochrome and 
bichrome transparent glazes wares coexist with polychrome transparent and tin opaque glazed 
wares has been identified. The existence of a polychrome lead transparent glaze production in 
al-Andalus wares is demonstrated; it has distinctive composition and methods of production 
from monochrome and bichrome wares, and shares a distinctive absence of foot and overglaze 
application of the decorations with the tin-opacified wares. With regard to the possible routes 
of the introduction of the polychrome lead and tin glazes into the western Mediterranean the 
Tunisian connection seems completely discarded. Moreover, and although some similarities 
between the Cordoba and the Abbasid productions such as similar tin glaze recipe and 
decorative patterns and use of lead glazes, can be traced, the dissimilarities, such as, the use of 
overglaze decorations, absence of alkali transparent glazes, variances in the tableware shapes 




It is generally accepted that glaze technology was not known during the early days of the 
introduction of Islam into the Iberian Peninsula (AD 711-c. 850) (CASAL et al. 2003, 
SALINAS 2013). The first glazed-ware workshop known so far is found in Bajjana/Pechina 
(southeast of al-Andalus) (CASTILLO et al. 1987; CASTILLO, MARTÍNEZ 1993) (c. AD 
850-875) where monochrome and bichrome transparent lead glazes –green or honey coloured- 
are documented. Those initial lead glazed productions expanded to other regions under the 
Independent Umayyad Emirate of al-Andalus (AD 756-929). These first glazed wares include 
a relatively rare luxurious production showing various decorative techniques (surfaces molded, 
incised or with applied threads) and new tableware forms (serving dishes, beakers, cups, 
pitchers). Later on, with the establishment of the Caliphate of Córdoba (AD 929-1031), a 
distinctive polychrome tin glaze production known as "verde y manganeso" started being 
produced. This polychrome tableware production coexisted with a large-scale and standardised 
monochrome transparent glaze production which does not include other decorative techniques 
and has a less careful execution and finishing than the Emiral one.  
Archaeological evidence of a transition period dating between the Emiral and Caliphal 
productions (i.e., between the last quarter of the 9th and the first quarter of the 10th centuries) 
has been recently found in Madinat Qurtuba (Córdoba) (CÁNOVAS & SALINAS, 2010; 
SALINAS 2013). In this transition period, monochrome and bichrome transparent glazed wares 
coexist with polychrome transparent glazed and also polychrome tin glazed wares. In particular, 
two well dated glazed ceramic assemblages from this transition period have been recently 
recovered in Córdoba, including both lead and tin glazed ceramics and showing different 
decorative techniques, shapes and colours. During this period Madinat Qurtuba (Cordoba) was 
the capital of the Emirate. These findings demonstrate that tin glazed wares started in al-
Andalus at the end of the independent Emirate, earlier than previously thought, and coexisting 
for a short period with the earlier monochrome and bichrome lead transparent glaze 
productions. Additionally, a new polychrome lead transparent production previously unknown 
has also been identified. These polychrome lead transparent wares have green and brown 
decorations like the later Caliphal polychrome tin glaze production. 
Taking advantage of these two well dated glaze assemblages, the present study attempts, on the 
one hand, to recognise the earliest tin-opaque glaze productions in al-Andalus and how they 
connect to the later Caliphal tin glazed wares; and, on the other hand, to determine the 
relationship between the polychrome lead and both the earlier monochrome and bichrome 
productions and the later polychrome tin production. A second and more ambitious objective 
of this study is to identify the links with contemporary productions from other regions of the 
Islamic world, in particular with those from the Central Mediterranean and the Middle East, as 
well as the possible routes of the introduction of the lead and tin glazes into the western 
Mediterranean.  
A comparative typological and decorative study of the sherds is performed. Moreover, in order 
to determine characteristics and methods of production of the different glazed wares, the 
ceramic pastes and glazes are analysed. Polished cross sections of ceramics and glazes and thin 
cross sections of the ceramics are analysed by optical microscopy, petrographic microscopy, 
and scanning Electron microscopy with energy-dispersive spectrometry (SEM-EDS). Micro-
X-ray diffraction analysis was also carried out to determine the nature of some of the crystallites 





1.1 Archaeological and historic context 
Two glazed ware assemblages were discovered in archaeological excavations carried out in the 
eastern area of the Islamic medieval Córdoba, in two different suburbs outside the medina walls, 
but not far from the city centre. 
The first assemblage was excavated on the right bank of the river Guadalquivir, in a land plot 
called Posada de la Herradura (MORENO et al. 2006). During the Islamic period this area 
belonged to the "Sabular" suburb, located very close to the "madina" on the "Bab al-Hadid", 
that departed from the eastern gate (IBN ḤAYYĀN 2001). During the archaeological 
excavations some Andalusi houses were identified. The wares were recovered from a cesspit of 
one of the houses, originally a latrine, where waste and broken pottery were thrown. Once 
closed, the pit was sealed, without any subsequent alteration. Glazed wares, but also unglazed 
pieces, such as cooking pots, lids and painted pitchers were recovered. The glazed pieces show 
different decorative techniques and colours: a single colour glaze –monochrome-, two colour 
glazes one at each side of the ware -bichrome-, or a combination of several colours –
polychrome-. A “felus” (copper coin) corresponding to an issue of the Independent Emirate, 
minted during the ‘Abd al-Rahman II period (AD 822-852) (FROCHOSO 2001), was also 
found, providing a terminus post quem for the cesspit dating. However, it is the unglazed 
ceramics group that facilitate a more accurate Late Emiral date (SALINAS 2013); showing 
identical forms and decorations to those at contemporary sites from Córdoba, such as Cercadilla 
(FUERTES, GONZÁLEZ 1994) and the craft area of Zumbacón (LARREA 2008) 
Shaqunda” ceramic assemblage 
(CASAL et al. 2005). 
The second glazed ware assemblage was excavated also in the eastern area of the city, "al-yiha 
al-Sarqiyya", the current Axerquía of Córdoba, in two adjacent land plots at Maria Auxiliadora 
street (CÁNOVAS 2006). Some historians have identified this area as the "Munyat al-Mugira" 
suburb where the mosque of "Masjid al-Mugira", current parish of San Lorenzo, was located. 
The early medieval historical sequence of the archaeological excavation is defined by the 
presence of three low-lying layers: a stream filled with rubbish and broken ceramic, followed 
by a great gully used as a dump, and a landfill, all sealed by a platform in the Caliphate period. 
A collection of glazed and unglazed wares showing numerous parallels with other 9th century 
Córdoba archaeological sites (e.g. Cercadilla) was recovered. Regarding the glazed pottery, 
most of the sherds are monochrome or bichrome, and one is polychrome.  
Consequently, both sets of ceramics were contemporary and dated to the late Emirate (last 
quarter of the 9th – first quarter of the 10th centuries). This period is characterised by the first 
fitna or civil war and the ulterior pacification of the Islamic territories by 'Abd al-Rahman III 




Figure 1. Plan of Cordoba where Posada de la Herradura (PH) and María Auxiliadora (MX) 
archaeological sites are marked. 
 
2. MATERIALS AND METHODS 
2.1 Glazed ceramic samples 
A total of twenty two glazed sherds were selected from the two archaeological sites (PH for 
those found in Posada de la Herradura and MX in Maria Auxiliadora). The selection includes 
examples of different technological traditions: transparent lead glazes and tin-glazed wares. The 
most interesting aspect of the selected sherds is the heterogeneity. They show different shapes, 
colours and decorative techniques and patterns, which may indicate that they come from 
different workshops. Following the classification of Rosselló (1978), most of them belong to 
the table ware group (bowls, beakers, serving dishes, pitchers) but also a jar ("orza") and an oil 
lamp ("candil") are found. Heterogeneity is also observed in the various types of serving dishes 
and pitchers. The ceramics show also a broad range of colours including honey, green, brown, 
cream and white. However, the most remarkable aspect is the diversity of decorations; they 
appear incised with applications of threads or paintings and some are moulded. It is worth 
highlighting that such decorative richness is accompanied by a high technical execution which 
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did not survive later in the Caliphal period. Consequently, this appears to be a highly valued 











Figure 2. Representative glazed ceramics from Posada de la Herradura (PH) and María Auxiliadora 
(MX): (A) green monochrome (MX25), (B) bichrome, honey outside-green inside (PH10.3), (C) 
polychrome transparent (PH12), (D) polychrome opaque (PH14). 
 
The glazed wares are sorted in two main categories according to the glazing technique: 
transparent, including monochrome, bichrome and polychrome; and opaque, polychrome 
glazes. 
The monochrome transparent glaze group is composed of seven samples and includes five 
pitchers (MX20, MX21, MX22, MX23, MX25), one foot-free dish (PH20) and one oil-lamp 
(PH8). Four of them have incised decorations (PH8, MX20, MX21 and MX25) (see Figure 2). 
The bichrome transparent group is composed of five samples including three beakers (MX26, 
PH10.1 and PH10.3), one pitcher (PH9) and one foot-free serving dish with winged 
rim(PH11.1). Regarding the decoration, three have threads applied on the surface of the glaze 
(MX26, PH9 and PH10.3) (see Figure 2) and one is moulded (PH10.1). Four of them have a 
honey outer surface while the inner surface is green and one (MX26) is green outside and honey 
inside.  
The polychrome transparent group includes five sample:, three foot-free serving dishes with 
diverging or straight profiles and colour decorations applied on the inner surface (P11.3, PH12, 
PH16) (see Figure 2) and one cup (PH15.2) and one jar (PH18) with colour decorations applied 
on the outer side. 
Finally, from the polychrome tin-opaque glazes, four are hemispherical foot-free serving dishes 




Table 1. Classification of the glazed wares. g- green glaze, h- honey glaze, w- white glaze, d- decorated, 
i – inner glaze, o – outer glaze. 







g PH8, MX20, MX23, MX25 





h (o)/ g (i) PH9, PH10.1, PH10.3, PH11.1 





t (o)/d (i) PH11.3, PH12, PH16 






w (o)/d (i) PH13.5, PH14, PH50 
w (i)/d (o) PH19 
 
2.2 Analytical techniques 
Polished sections through the glazes and into the bodies of the sherds were prepared and coated 
with a sputtered carbon layer (<20 μm thick). The polished sections were examined at the 
Universitat Politècnica de Catalunya (Barcelona) both in reflected light with an optical 
microscope (OM), and in a crossbeam workstation (Zeiss Neon 40) equipped with scanning 
electron microscopy (SEM) GEMINI (Shottky FE) column with attached EDS 
(INCAPentaFETx3 detector, 30mm2, ATW2 window, resolution 123 eV at the Mn Kα energy 
line), operated at 20 kV acceleration voltage with 1.1nm lateral resolution, 20nA current, 7 mm 
working distance and 120s measuring time. The glaze and body microstructures were studied 
and recorded in Back-scattered Electron mode (BSE) in which the different phases present 
could be distinguished on the basis of their atomic number contrast. BSE images of the 
microstructures were obtained at 20 kV acceleration voltage. 
The chemical compositions of the bodies were determined by analysing a minimum of two 
areas, about 3 mm x 2 mm. Because of the porosity of the bodies, the analyses were normalised 
to 100 wt%, and then averaged. Typical paste totals were about 60% while glaze totals varied 
between 97% and 101% mainly due to the variable state of preservation of the glazes. For the 
glazes, the areas analysed were somewhat smaller, and as far as possible, were chosen to avoid 
areas of weathered glaze and areas near to the glaze-body interface; the results were again 
averaged. A selection of the non-plastic inclusions within the bodies, and opacifiers and other 
particles in the glazes were also analysed. An EDS elemental microanalysis system calibrated 
with oxide and mineral standards was used to determine the microstructure and composition of 
the glazes, and high lead - K229- and alkali -SRM612- glass standards were also used to validate 
the data (Geller Microanalytical Laboratory, MA, USA). Typical detection limits are 0.1% for 
Na, Mg, Al, P, K, Ca, Ti, Mn and Fe, 0.2% for Si and Cu, 0.3% for Sn and Sb and 0.4 for Pb.  
μ-XRD data were obtained at the Materials Science and Powder Diffraction beamline (MCPDS 
BL04) in the Synchrotron Light Facility Alba-Cells (Cerdanyola, Spain) of polished thin cross 
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sections (about 200 µm thick) of the stained glasses in transmission geometry, sing 0.4243 Å 
wavelength (30 keV), a 20 x 20 μm2 spot size, and a CCD camera, SX165 (Rayonix, L.L.C., 
Evanston, IL) detector. 
 
3. RESULTS  
The chemical compositions of the bodies, obtained by SEM-EDS, are included in Table 2. The 
chemical compositions of the transparent glazes are given in Table 3 and of the opaque glazes 
in Table 4.  
3.1. Body composition 
The ceramic bodies are made of calcareous clays (i.e., limestone-rich clays with CaO content 
varying between 11.9 and 22.0% CaO) with a range of reddish to buff and grey colours, 
depending on whether the firing atmosphere was reducing (Figure 3A) or oxidizing (Figure 
3B). Besides, the buff color predominates in the tin glazed wares. In general, they are high fired. 
Both the microstructure of the pastes and also the mineralogical composition dominated by the 
presence of quartz, anorthite (calcium rich feldspar, Ca,Na)Al2Si2O8) and fassaitic pyroxens -
Ca(Mg,Fe3+,Al)(Si,Al)2O6- as determined by XRD. Anorthite forms in fine calcareous pastes 
fired at temperature above 950ºC; fassaitic pyroxens form when magnesium is also present and 
the atmosphere is partly reducing at temperatures above 900ºC. Temperatures above 1050ºC 
are not likely as mullite is not found. Some magnesian calcite –(Ca,Mg)CO3- gehlenite -
CaAl(AlSiO7)- and biotite -K(Mg,Fe)AlSi3O10- are also found but they are related to the 
medium sized filling inclusions: mainly quartz grains, but also biotite micas,  microfossils and 
red/black ferruginous nodules. All the particles are visible under the optical microscope. Very 
large elongated porosity oriented parallel to the surface is also found in most of the sherds.  
A distinctive feature in most of the MX (MX20, MX21, MX22 and MX23) bodies is the 
inclusion of large white calcium-rich and black/red iron-rich clay nodules, (Figure 3C and 
Figure 3D). We have noted the presence of these white clay nodules in contemporary sherds 
found at the Zumbacón craft area (Córdoba) (LARREA 2008) whose peak activity was during 
the Emirate period, and continued subsequently in "green and brown" tin-glazed wares found 
at Madīnat al-Zahrā’ and Córdoba, dated from the Caliphal to the Almohad periods (10th-13th 
centuries). In fact, in the Zumbacón craft area more than 100 kilns, of which a large number 



















Figure 3. Ceramic fabrics. Fine limestone; (A) reduced paste (PH12) and (B) oxidized paste (PH15.2). 
Typical paste from the Zumbacón workshop (Cordoba) showing the characteristic large white calcium 
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Table 2. Chemical compositions of the Córdoba ceramic bodies determined by SEM-EDS (wt% 
normalised to 100 wt%). The data are the average over at least two analyses taken in different areas of 
the ceramic bodies. *white calcium rich clay nodule. 
  Na2O MgO Al2O3 SiO2 K2O P2O3 CaO TiO2 FeO PbO 
monochrome 
transparent glazes 
PH8 0.6 2.0 12.9 53.6 1.7 2.7 20.0 0.6 4.8 1.1 
MX20 0.5 2.0 14.2 58.7 0.4 2.7 14.9 0.8 5.0 0.9 
MX20* 0.4 2.6 14.3 50.7 2.3 1.5 20.9 0.8 5.6 1.1 
MX21 0.6 2.1 14.6 58.5 0.0 3.1 14.1 0.8 5.5 0.8 
MX23 0.8 2.0 15.5 58.4 1.1 3.3 12.1 0.9 5.7 0.2 
MX25 0.5 2.1 15.2 56.9 1.6 3.5 12.6 0.9 6.0 0.7 
MX22 0.5 2.0 14.3 55.4 0.9 3.0 17.1 0.8 5.2 0.9 
PH20 0.8 2.6 14.2 52.6 0.7 1.9 20.0 0.7 5.4 0.9 
 MX26 0.5 2.6 16.3 53.5 1.3 3.8 14.7 0.7 6.6 0.0 
bichrome transparent 
glazes 
PH9 0.7 2.4 14.7 52.1 0.8 2.9 20.2 0.6 4.9 0.6 
PH10.3 0.4 2.5 14.3 52.1 0.6 3.1 20.4 0.7 5.8 0.5 
PH10.1 0.8 2.0 13.6 56.6 2.0 2.3 15.9 0.7 5.0 1.1 
PH11.1 0.5 2.1 14.3 53.3 0.5 3.0 19.6 0.6 5.4 0.4 
polychrome 
transparent glazes 
PH11.3 0.4 2.2 13.4 54.2 1.6 3.7 18.4 0.7 4.9 1.2 
PH12 0.5 2.1 14.0 58.6 1.4 3.2 14.3 0.8 4.9 0.5 
PH15.2 0.8 1.9 13.5 50.3 1.8 3.0 21.9 0.7 4.5 1.2 
PH16 0.7 2.3 14.2 52.0 1.3 2.8 20.8 0.5 5.0 0.4 
PH18 0.6 2.4 14.3 52.9 0.6 2.7 20.5 0.6 5.0 0.5 
polychrome tin 
opaque glazes 
PH19 0.5 2.3 13.8 52.3 0.5 3.1 21.6 0.7 5.0 0.1 
PH13.5 0.7 2.4 13.1 52.2 0.7 2.5 22.0 0.8 5.0 0.5 
PH14B 0.7 2.2 13.9 54.5 1.6 2.6 18.8 0.7 5.1 0.3 
PH14A 0.8 2.2 14.3 54.2 0.8 3.1 18.5 0.9 5.0 0.3 
PH50 1.2 2.4 13.8 51.5 1.0 1.9 20.6 0.7 5.5 0.5 
 
3.2 Transparent lead glazes 
The chemical analyses of the monochrome, bichrome and polychrome transparent glazes are 
shown in Table 3. They include lead (<55% PbO) and high lead (>55% PbO) glazes. All the 
monochrome glazes are lead (43-55% PbO), while all the polychrome glazes are high lead (56-
67% PbO). Bichrome glazes show a larger variability, 48-61% PbO and include both kinds: 
lead and high lead. Calcium and aluminium contents are more variable, between 1-5.5% CaO 
and 0.4-5% Al2O3, and higher for the monochrome and bichrome than for the polychrome 
glazes. Sodium and magnesium contents are very low in all cases, even below the detection 













Table 3. Chemical compositions of Córdoba bulk monochrome transparent glazes determined by SEM-
EDS (wt% normalised to 100 wt%). The data are the average over at least two analyses taken in different 
areas of the glazes. Typical standard deviations are: 0.3 for Na2O, MgO, K2O, FeO and PbO, 0.4 for 
CuO and Sn2O, 0.9 for Al2O3 and SiO2, and 1.5 for CaO.  
1  g- green glaze, h- honey glaze, h*- honey mottled. 2  i – inner glaze, o – outer glaze  
 





g i 0.2 0.5 2.7 32.6 1.1 3.8 0.2  1.1 3.9 53.8 
g o 0.2 0.6 2.7 32.4 1.2 3.9 0.1  1.2 3.0 54.8 
MX20 
g i 0.7 0.6 3.9 36.7 1.4 4.2 0.2  1.7 2.0 48.7 
g o 0.5 0.6 3.6 36.3 1.4 4.4 b.d.  2.6 1.3 49.1 
MX21 
h i 0.5 0.4 5.0 36.7 1.7 4.4 0.3  2.0 - 49.1 
h o 0.6 0.5 5.2 38.7 1.9 5.1 0.5  2.3 - 45.2 
MX23 
g i 0.6 0.7 4.4 39.5 2.1 5.6 0.5  1.8 1.2 43.5 
g o 0.7 0.7 4.2 38.4 1.9 4.8 0.3  2.0 1.9 45.2 
MX25 
g i 0.4 0.4 4.1 35.7 1.4 1.5 0.2  1.1 1.7 53.5 
g o 0.4 0.4 4.3 36.1 1.5 2.2 0.2  1.2 1.7 51.8 
MX22 
h* i 0.4 0.5 4.1 34.6 1.8 4.9 0.3  3.6 - 49.8 
h* o 0.4 0.6 4.1 33.0 1.6 4.4 0.1  3.3 - 52.4 
PH20 
h i 0.5 0.8 3.6 33.3 2.0 5.6 0.1  5.5 0.6 47.2 





g o 0.4 0.5 4.1 36.0 1.2 2.6 0.1 0.4 1.5 1.7 51.4 
h i 0.3 0.6 4.1 35.6 1.4 3.1 0.2 - 3.0 - 51.7 
PH9 
h o 0.3 0.6 3.1 36.9 1.5 4.0 0.3 - 2.4 0.6 50.5 
g i 0.3 0.6 3.5 35.2 2.5 3.7 0.1 - 1.3 2.5 50.3 
PH10.3 
h o 0.0 0.1 1.1 30.5 0.3 1.7 0.1 - 5.6 - 60.7 
g i 0.2 0.3 2.0 32.0 0.8 2.7 0.2 - 0.8 2.5 58.6 
PH10.1 
h o 0.5 0.6 3.0 37.3 1.6 4.0 0.2 - 5.2 - 47.5 
g i 0.6 0.5 3.3 37.5 1.7 3.9 0.1 - 1.2 2.3 49.0 
PH11.1 
h o 0.2 0.3 1.7 32.9 0.7 2.8 0.2 - 5.7 - 55.6 





b d 0.1 0.3 0.4 30.4 0.1 1.3  2.2 0.5  64.8 
t d  0.3 0.5 32.1 0.1 1.6 0.2  0.4  64.6 
t u 0.2 0.4 0.6 29.9 0.2 1.5   0.5  67.4 
PH12 
b d 0.3 0.2 1.3 36.8 0.2 2.3  2.1 0.6  56.2 
g d 0.4 0.4 1.4 35.8 0.4 2.3   0.7 3.2 55.5 
t d 0.2 0.5 2.4 34.9 0.5 2.6   0.9  58.0 
t u 0.2 0.4 1.7 32.7 0.3 2.4   0.7  61.2 
PH15.2 
b d 0.2 0.2 0.4 34.3 0.8 1.4  3.9 0.4 0.2 58.1 
g d 0.5 0.5 1.5 33.2 1.4 2.5   0.9 1.1 58.0 
t u 0.2 0.3 1.6 30.7 1.5 2.5 0.1  0.5  62.5 
PH16 
g* d 0.2 0.3 1.5 32.8 0.5 3.0 0.1  0.7 0.1 61.0 
t u 0.1 0.5 1.9 34.6 0.7 3.2 0.1  0.8  58.3 
PH18 
b d 0.0 0.1 0.4 31.3 0.5 0.7  0.6 0.6  65.7 
g d 0.1 0.2 0.4 39.3 0.4 1.2   0.1 3.5 54.9 
t d 0.1 0.2 1.0 32.6 1.2 2.2   0.4  62.3 




All the glazes show a minimal glaze-ceramic interface, small bubbles and two kinds of fissures: 
those perpendicular to the surface are often a consequence of the differences in the shrinkage 
of glaze and paste during the cooling; and those parallel to the surface are normally related to a 
low firing temperature but when present near the surface are normally due to weathering 
(Figure 4A). In those sherds found in the Posada de la Herradura, the glazes are more 
weathered, with lead leaching and posterior recrystallisation of lead and calcium phosphates 
and carbonates inside bubbles, in the cracks and on the surface where they act as cement for 
soil particles (Figure 4B). Nevertheless, most of the glazes appear relatively well preserved, in 







   
 
 
Figure 4. Monochrome and bichrome transparent glazes; Optical and SEM-BSE images of the glazes 
from (A) MX25 and (B) PH10.3. 
The chemical composition of the glazes from the monochrome group, is fairly homogeneous, 
see Table 3: colours are green (PH8, MX20, MX23, MX25) obtained by the addition of copper 
with typical contents varying between 1 and 4 % CuO or honey (MX21, MX22 and PH20) 
containing higher amounts of iron, between 2 and 5.5 %FeO. The mottled honey (MX22) has 
higher iron content in the dark mottled areas. PH20 has a honey glaze containing high iron (5.5 
%FeO) and also copper (below 1% CuO) and the glaze appears filled with small crystallites of 
diopsides, not found in the other monochrome transparent samples. We have to highlight also 
that this sherd is the only one in the group that is moulded. Glaze thicknesses are very variable, 
between 70-300 μm, except MX25 which is very thin (20-50 μm) (see Figure 4A), although 
the glaze is flaking because of the presence of large cracks parallel to the surface and the 
postdepositional processes. 
On the other hand, four of the bichrome transparent glazes have a honey outer surface, 
containing high amounts of iron (see Table 3) (2-6% FeO), while the inner surface is green and 
contains copper (1.7-2.5% CuO). Only one -MX26- is green outside and honey inside. Both 
copper and iron are basically dissolved in the glazes. Nevertheless, the addition of iron oxide 
to obtain the honey/brown colour also is demonstrated by the fact that some round particles of 
iron oxide are occasionally found in the honey/brown glazes. The glaze thickness is relatively 





exception is MX26 which shows a very thin glaze (20-50 μm), although the glaze is again 
slipping down because of the presence of large cracks parallel to the surface. 
The polychrome transparent glazes are characterised by the application of copper green and 
manganese brown decorations (Table 3), which protrude above a cream/greenish transparent 
glaze. Therefore we conclude that they were applied overglaze, see (Figure 5). This effect is 
enhanced by the presence of round partially dissolved quartz grains of various sizes in the green 
and brown areas of the glazes. In particular, the green glaze from PH18 shows large round 
undissolved quartz grains (Figure 5C). The use of manganese is a novelty with respect to the 
previous monochrome and bichrome glaze productions. PH18 has these colours embossed and 
splashed, inspired in Tang dynasty designs, similarly to a tradition documented in the Abbasid 
world (WATSON 2004). The undecorated glaze surfaces are transparent with a yellow-greenish 
tinge. All the glazes are high lead and rather pure, containing very low potassium, calcium, 
aluminium and iron, compared to the monochrome and bichrome glazes. Glaze thicknesses are 
variable, between 120-300 μm for most of the glazes and decorations, with the colour areas 
being thicker (see Figure 5A and Figure 5B). The green decoration from PH18 is extremely 
thick, 530 μm due to the presence of large undissolved quartz grains (Figure 5C).  
(A) 








Figure 5. Polychrome transparent glazes. (A) brown and transparent glaze (PH15.2) and (B) green 
glaze (PH18). 
  
3.3. Tin-opacified glazes  
These glazes are of a lead-alkali type and contain 36-44% PbO, 2-4% Na2O, 0.6-2% MgO, 1-
2% Al2O3 and 2-4% CaO (see Table 4). Tin is present in the form of very small cassiterite 
particles which appear well distributed in the glazes, both in the decorated and undecorated 
sides (Figure 6B) typical contents of about 10 wt% SnO2. The tin content is slightly higher in 
the decorated surface than in the undecorated surface and also in the white areas than in the 
coloured areas. The colourants used are the same as in the transparent polychrome glazed wares; 
copper for green and manganese for brown/black. The coloured areas also protrude over the tin 








Table 4. Chemical compositions of Córdoba bulk tin-opacified glazes determined by SEM-EDS (wt% 
normalised to 100 wt%). The data are the average over at least two analyses taken in different areas of 
the glazes. Typical standard deviations are: 0.3 for Na2O, MgO, K2O, FeO and PbO, 0.4 for CuO and 
Sn2O, 0.9 for Al2O3 and SiO2, and 1.5 for CaO. 
1 b- brown glaze, g- green glaze, w- white, w*- heavily altered white 
2 Dec- decoration, d-decorated, u-undecorated 
 
Sample Glaze1 Side2 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO2 FeO CuO SnO2 PbO 
PH19 
w  d 2.9 1.1 1.3 35.9 1.0 2.7   0.8  11.3 43.3 
g d 2.6 0.9 1.2 35.8 1.1 3.1  0.3 0.5 1.3 9.7 43.4 
b d 2.4 1.1 1.5 36.9 1.3 3.3  0.6 0.7  9.7 42.6 
w  u 2.1 1.1 1.1 37.1 1.3 3.2   0.6  9.7 43.9 
PH13.5 
w  d 2.6 1.6 1.8 35.5 1.6 4.0   0.9  9.9 36.0 
b d 2.8 0.9 0.9 39.9 1.7 3.1  2.4 0.7  8.3 39.3 
g d 1.9 0.7 1.1 40.7 2.1 2.3 0.1  0.8 1.2 9.4 39.9 
w* u 2.3 2.7 4.7 39.3 2.5 5.8 0.3  1.5  3.2 35.8 
PH14A 
w  d 3.4 2.0 2.3 39.6 1.7 4.2 0.1 0.2 0.8 0.9 7.6 36.4 
b d 2.0 0.6 0.7 41.6 1.7 1.6  4.0 0.6  7.4 39.5 
g d 3.4 1.9 2.4 40.3 1.7 3.9  0.2 0.9 1.4 5.2 38.1 
w  u 2.2 0.9 1.5 45.3 3.2 2.6   1.3 0.2 6.6 36.0 
PH50 
w  d 3.8 1.2 0.9 38.1 1.3 2.5   0.7 0.9 10.9 39.3 
g d 1.9 1.3 0.9 38.3 1.3 3.0   0.8 2.2 10.7 38.8 
w* u 2.5 1.1 3.5 40.0 2.9 3.7   1.4  1.6 42.8 
 
 
The glaze thickness is pretty homogeneous in this group, the undecorated surface being thinner 
(125-200 μm) than decorated surface (~300 μm) (Figure 6).  
Generally speaking the glazes appear quite heavily weathered, with lead-calcium phosphates 
and lead-calcium carbonates crystallising inside the bubbles, in the cracks and on the surface 
acting as cement for soil particles (Figure 6D). Due to weathering the glaze becomes more 
transparent, but as lead calcium carbonates are white and lead-calcium phosphates yellow, the 
















Figure 6. Tin glaze ware (PH13.5); (A) brown and green decoration (B) magnification of the glaze 
showing the cassiterite crystallites; (C) and (D) optical and BSE-SEM images respectively from a cross 
section of the brown decoration. 
The presence of red areas in the inner areas of some green glaze decorations (Figure 7A) is 
related to the presence of small copper metallic nanoparticles (Figure 7B). This indicates that 





Figure 7. Tin glaze ware (PH50); (A) Optical image of the red layer in the green glaze (B) micro-XRD 
analysis of the red layer showing the presence of cassiterite and metallic copper nanoparticles. 
 
4. DISCUSSION  
In order to compare the base compositions of the glazes to which colourants have been added 
in variable amounts, it is convenient to remove the colourants and renormalise the resulting 
glaze compositions. In our case the colourants added are basically manganese, copper and iron; 
although part of the iron might already be present in the base glaze, iron oxide was certainly 
added in the honey and brown glazes. Then, the chemical compositions of the base glazes can 
be compared; Figure 8 shows the renormalized CaO+K2O+Al2O3* versus SiO2+MgO+Na2O* 
and also versus PbO* for the different glazes. With regard to the transparent lead glazes 
productions, two groups are found: one including the monochrome and some of the bichrome 
glazes and a second one including the polychrome glazes and two of the bichrome glazes. The 
first group including monochrome and most of the bichrome glazes is characterised by the 
presence of higher potassium, aluminium and calcium and to a lesser extent higher sodium and 
magnesium. The presence of higher amounts of potassium, aluminium and calcium in the 
monochrome glazes might indicate either the use of a more impure glaze, or be the consequence 
of the dissolution of a larger amount of ceramic paste during the glaze firing. Nevertheless, 
considering that there is no relationship between the amount of calcium content in the ceramic 
paste and the amount of calcium dissolved in the glazes, this latter possibility seems unlikely. 







In fact, previous studies and archaeological evidence have demonstrated that the lead glazes 
were fritted before their application onto the ceramic surface. Archaeological findings showed 
that a lead oxide and sand mixture was fired inside cooking pots which had the inside surface 
protected by a layer of a calcareous aluminium rich clay. As a consequence, the frits obtained 
were enriched in calcium and aluminium. Afterwards, the frits were crushed and mixed with 
water. Finally, the pots were dipped into this mixture and fired (MOLERA et al. 2009). The 
glazes are very homogeneous and do not contain crystalline precipitates. Consequently, the 
monochrome and some of the bichrome glazes containing higher aluminium and calcium are 
consistent with this procedure. 
In contrast, the polychrome base glazes are very pure (containing low aluminium, potassium, 
calcium and also low sodium and magnesium) and richer in lead (high lead group) and 
consequently very transparent (Figure 8). This composition together with the presence of 
undissolved quartz grains (Figure 5) suggests that a mixture of lead oxide and sand was used 
to produce the glaze. This transparent glaze is thin and covers all the surface of the ceramic. 
The same mixture with the addition of manganese, iron or copper oxide was afterwards used to 
paint the colour decorations on top of the transparent glaze.  
The tin glazes group differ from the transparent lead glaze groups (Figure 8) not only because 
of the addition of tin, but also because they contain higher amounts of sodium and magnesium. 
This suggests the addition of plant ashes to the glazing mixture. This is in very good agreement 
with the method of production described in the treatises, as well as with the data obtained from 
the white tin glazes produced in the Middle East (MATIN 2016), confirming that the tin glazes 






Figure 8. Glaze chemical composition plots; A) CaO+K2O+Al2O3* versus SiO2+MgO+Na2O* and B) 
CaO+K2O+Al2O3* versus PbO* renormalized after subtracting the glaze colorants, for the different 
glaze types. The two glaze analyses marked with arrows correspond to the undecorated side of PH13.5 
and PH50 which are very thin and appear heavily weathered. 
Another particular feature is that the coloured glazes were applied on top of the white tin glaze, 
following the same technique as in the polychrome transparent glazes. On the other hand, the 
presence of metallic copper nanoparticles in the inner area of copper green glazes indicated the 
presence of local strong reducing conditions. This is consistent with the use of an organic glue 
(i.e. Arabic glue) to fix the colour glaze decorations over the tin glaze. This organic glueing 
material is completely burned during firing. In fact, red layers in copper green glazes are also 
found in some of the polychrome lead transparent glazes, suggesting that the same procedure 
might have been used. 
In summary, three different glaze technologies coexist. While monochrome and bichrome 
glazes may be considered the continuation of earlier glaze productions, the polychrome 
transparent and polychrome white tin productions correspond to a completely new technology, 
as monochrome opaque glazes were not produced in al-Andalus, unlike eastern Islamic lands. 
Stylistically, the group has a large variety of forms (serving-dishes, bowls, pitchers, beakers, 















































of foot in the serving dishes, the use of a large variety of decorative techniques (incised, applied, 
moulded, painted) and of decorative patterns (very simple, mainly geometric motifs).  
In the Eastern Islamic lands, glazed wares appeared earlier. From the Levant -Palestine 
(TAXEL 2014), Jordan (WHITCOMB 1989) and Syria (McPHILLIPS 2012)- and Egypt 
(GAYRAUD, VALLAURY 2017) to the Middle and Near East (NORTHEDGE, KENNET 
1994), monochrome, bichrome alkali or lead together with polychrome lead or tin glazes are 
widely documented from late 8th-early 9th centuries. This shows that there was a well-
established distribution network and trade roads, as well a market demanding this type of 
product. 
Monochrome plain transparent glazes were already widely used in the Byzantine Empire since 
the beginning of the 7th century (FRANÇOIS, 2005) and in early Islamic times with turquoise 
and green glazes (WATSON 2004). In al-Andalus, in the Emiral period, plain monochrome and 
bichrome green and amber glazes were produced in Pechina and monochrome brown glazes in 
Malaga (CASTILLO, MARTÍNEZ 1993; IÑIGUEZ, MAYORGA 1993). Furthermore, green 
and amber monochrome and bichrome lead glazes were found in Vega de Granada with similar 
composition to our transparent lead glazes (MOLERA et al. 2017).  
High lead polychrome transparent glazes similar to our polychrome glazes were also produced 
by Byzantine craftsmen (ARMSTRONG et al. 1997). In early Islamic times, Raqqa workshops 
(before AD 809) show a large variety of tableware shapes, mainly with foot and underglaze 
decorations (FRANÇOIS & SHADDOUD 2013; WATSON 1999; 2014). The same ware 
shapes were also glazed with lead, alkali and tin glazes. Similar shapes and glazes are repeated 
in contemporary contexts of Palestine (TAXEL 2014) and Egypt (GAYRAUD, VALLAURY 
2017). Moreover, in the central Mediterranean, in Ifrīqiya (Tunisia), a fine and elaborated 
polychrome-transparent underglaze-painted tableware of Iranian influence (GRAGUEB 2017) 
was produced during the Aghlabid dynasty rule (Raqqāda after AD 876) (BEN AMARA et al. 
2001) with continuity during the Fatimid period (10th century) (BEN AMARA et al. 2005). 
Other nearby sites such as Tahert-Tagdempt (Algiers) (DJELLID 2011) and Palermo (Sicily) 
(ARDIZZONE et al. 2017) which were directly influenced by the Aghlabid glazed tableware 
became local production centres. Early Tunisian tableware has hemispheric profiles with foot, 
yellow transparent lead glazes (CAPELLI et al 2013) and elaborated underglaze green and 
brown painted designs. All the above lead transparent polychrome glazed wares are 
significantly different from the Andalusi tableware from Cordoba, which has divergent shapes, 
absence of foot, high lead glazes and overglaze decorations. Polychrome transparent glazed 
ceramics other than those from Cordoba have not been documented in al-Andalus so far. 
White tin-glazed wares reached their peak during the 9th and through the 10th centuries in the 
Middle and Near East, with the distinctive “Samarra” style of the Abbasid world 
(NORTHEDGE, KENNET 1994; PRIESTMAN 2011; WOOD et al. 2009): blue, green and 
plain glazes. Some green and brown decorations over white tin glazed wares are documented 
in Syria (WATSON 1999; 2014; SHADDOUD 2013). Analyses of these glazes show a similar 
composition to that of the al-Andalus tin-opacified glazes, indicating the use of a similar recipe,  
made using a lead tin calx to which plant ashes were added (MATIN 2016). On the other hand, 
in the central Mediterranean, the earliest evidence of tin glazed wares is documented in Tunisia 
and seems to coexist with a local lustreware production (Sabra al-Mansūriyya, mid10th-mid 11th 
AD) along with Fatimid Egyptian lusterware (WAKSMAN et al. 2014), hence AD post-972, 
which leads us to think that the al-Andalus tin-glaze technology began earlier (AD pre-929). 
Moreover, chemical analysis indicates that Tunisian glazes have lower lead content (20-
30%PbO) than our tin glazes but similar to the Egyptian Fatimid lustreware. Contrarily to the 
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polychrome lead transparent glazed wares, polychrome tin opaque Emiral wares have also been 
found in Vega de Granada (MOLERA et al 2017). The decorations were applied overglaze, like 
in the Cordoba examples; however, as is also the case in the later Caliphal polychrome tin glaze 
production, the tin glaze is applied only on the decorated side, while a honey or green 
transparent plain lead glaze is applied on the undecorated surface.  
Finally, new decorative patterns and shapes (e.g. hemispheric dishes), different to those of the 
polychrome transparent lead glazed wares are introduced with the Andalusi tin-opacified glaze 
production. Nevertheless, both, polychrome transparent lead and tin-opacified glazed wares 
share the distinctive absence of foot and the overglaze application of the decorative patterns.  
Consequently, with regards to the origin of both lead transparent and tin opaque technological 
traditions, the Tunisian connection seems to be completely discarded (ROSSELLÓ 1995), 
because of the different polychrome transparent glazing technique and the absence of earlier 
tin-opacified glazes. Moreover, and although some similarities between the Cordoba and the 
Abbasid productions can be traced (similar tin glaze recipe and decorative patterns, use of lead 
glazes, etc.), dissimilarities (overglaze decorations, absence of alkali transparent glazes, 
tableware shapes variances, absence of foot, etc.) are still more important, and do not support a 
clear link between them. 
5. CONCLUSIONS 
The assemblages studied here illustrate the beginning of polychrome and tin-opacified glazed 
wares in the far west of the Islamic world where artisans were introducing new shapes, glaze 
recipes and decorative patterns that did not follow the “official” standards that will become 
characteristic of the later Caliphal period. The late Emirate was a very short creative time, in 
the aftermath of a transitional political period that precedes the ensuing standardised green and 
brown tin-glazed production, controlled by the Umayyad power, during the Caliphal period 
(AD 929-1009), when the same shapes, glazes, colours and decorative patterns were repeated 
in the al-Andalus workshops, with only slight differences.  
Neither the chemical composition of glazes nor that of the pastes have shed too much light 
about their provenance. The glazes are different for each production (monochrome, bichrome 
and polychrome lead transparent or tin-opacified glazes) while the body pastes are all fine 
calcareous. Nevertheless, the analyses point to a regional origin (meaning from al-Andalus, not 
necessary from Córdoba itself). In particular, monochrome and bichrome sherds containing 
white calcium-rich nodules are directly related to the glazed ware debris found at the Zumbacón 
workshop (Córdoba). In addition, evidence of contemporary tin glazed wares probably from 
workshops in the Vega de Granada has recently been identified (MOLERA et al. 2017). 
Glaze technology did not start until the mid-9th century in al-Andalus, very late compared to 
other Islamic regions (late 7th-8th centuries) (TITE et al. 2015; WATSON 2014). As a result, 
the transitional stage from monochrome to polychrome transparent lead and to tin glazes is very 
short (20-30 years) compared with other territories where this process took over a century, as 
in central Mediterranean - Ifriqiya (Tunisia) and Sicily. In fact, the Córdoba assemblages 
studied show that once tin glaze technology was introduced, very late in the Emirate (beginning 
of the 10th century) and after a brief coexistence period, polychrome transparent lead glazes 
disappeared completely. 
Polychrome transparent glazes show a distinctive composition and methods of production from 
monochrome and bichrome glazes. Moreover, both, polychrome transparent lead and tin-
opacified glazed wares share the distinctive absence of foot and the overglaze application of 
the decorative patterns, although new decorative patterns and shapes were introduced with the 
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tin-opacified glazes. These features do not seem to correspond with what was happening at that 
time across the Mediterranean basin and beyond, in the Abbasid world. 
Our study shows that although glaze technology reached al-Andalus very late in comparison 
with the rest of the Islamic world, once the production started – initially as a small-scale luxury 
product addressed to a privileged market – the consumption spread very rapidly, soon catching 
up with the rest of the Islamic world. Nevertheless, the decorative techniques introduced are 
less varied than in other regions, with neither lustre nor cobalt blue decorations being produced.  
Finally, as for the possible routes for the introduction of the lead and tin glazes in al-Andalus 
we can rule out Tunisia as a source, even if this has been traditionally considered as a likely 
connection. On the contrary, the Abbasid world appears a more probable connection, in 
particular with regards to the tin opaque glazes. 
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